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Abstract—In this paper, we present validation of a method for
constructing a virtual omnidirectional antenna in the azimuth
plane. The virtual omnidirectional antenna utilizes a combination
of data from directive horn antennas. The aim is to utilize the high
gain of the horn antenna to improve the dynamic range of channel
sounding measurements conducted in the centimeter and millime-
ter wave bands. The resulting complex impulse response from
the virtual omnidirectional antenna is used to find the power-
delay-profile (PDP). This is then compared to measurements
conducted at the same time using a real omnidirectional antenna.
The validation shows that the synthesized omnidirectional is
capable of predicting main components and the slope of the
PDP. Further, it is shown that by choosing angular sampling
steps corresponding to the half power beam width (HPBW) of
the used antenna similar power levels can be achieved.
Index Terms—millimetre-wave, centimetre-wave, channel mea-
surement, channel sounding, power-delay-profile, virtual omnidi-
rectional antenna, synthesized omnidirectional antenna.
I. INTRODUCTION
Lately, there has been a great interest in channel mea-
surements of the centimeter and millimeter wave bands [1]–
[3]. This is a part of the process of moving towards fifth-
generation cellular networks (5G) [4]. To develop statistical
channel models for 5G, measurements in different scenarios
have to be conducted. The proposed use of centimeter and
millimeter wave bands introduces high path-losses. To over-
come this, high-gain antennas are often used in measurements.
The high-gain antennas are highly directive and often of the
horn type. To express power at a given point for use in
omnidirectional path-loss models, this directivity of the used
antenna is unwanted. Due to this, synthesizing techniques have
been applied to create virtual omnidirectional antennas [5]–[9].
The approach of synthesizing with directional elements is not
new, as shown by [10], [11]. However, the recent measurement
endeavors have rekindled interest.
This paper presents a validation of a method for creating
a virtual omnidirectional antenna in the azimuth plane. The
virtual omnidirectional antenna is synthesized using data from
a directive horn. The performance of the synthesizing is
then compared with measurements of the power-delay-profile
(PDP) conducted at the same time with a real omnidirectional
antenna. Further, it is investigated what impact the choice of
angular sample density has on the synthesized PDP.
The paper is organized as follows. Section II describes
the measurement setup used for the validation. Section III
elaborates the synthesizing technique. Section IV presents
the recorded channel impulse responses and the comparison
between synthesized and real omnidirectional measurements.
Section V summarizes this work.
II. VALIDATION MEASUREMENT
The measurement used for this validation was conducted as
a part of measurement campaign in a laboratory environment.
The measurement surroundings are shown in Fig. 1.
Fig. 1. View of the laboratory where the measurement was conducted.
A VNA based measurement system as described in [12]
has been used for the measurement campaign. The transmit
side (TX) is a horn antenna (Pasternack - PE9851/2F-10).
The receive side (RX) is using both a horn (Flann - 22240-
20) and a bi-conical antenna (AINFO - SZ-2003000/P). The
VNA system is capable of recording both complex frequency
responses from the two RX antennas using two test mixers.
The specific parameters of the system are presented in
TABLE I.
In Fig. 2, the position of the transmitter (TX) and receiver
(RX) is marked in relation to the surroundings. There are two
RX positions, RX-1 in clear line-of-sight (LOS) and RX-2 in
non-line-of-sight (NLOS).
The TX antenna was oriented towards position RX-1 in
a height of 100 cm. The bi-conical antenna was placed at
the same height as the TX antenna in the rotation center of
the turntable. The horn antenna was placed below the bi-
conical antenna, orthogonal to the rotation axis, in a height
of 90 cm. The starting orientation of the horn antenna point
to the south as marked in Fig. 2. The horn antenna is rotated
clockwise in steps of 1◦. A Complex Impulse Response (CIR)
TABLE I
MEASUREMENT SYSTEM DETAILS
Parameter Setting
Center Frequency 28 GHz
Bandwidth 4 GHz
Frequency Points 1500
TX power 15 dBm
TX antenna Azimuth HPBW 54◦
TX antenna Elevation HPBW 53◦
TX antenna gain 10 dBi
RX horn antenna Azimuth HPBW 22◦
RX horn antenna Elevation HPBW 21◦
RX horn antenna gain 18 dBi
RX bi-conical antenna gain 6 dBi
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Fig. 2. Positioning of transmitter and turntable with receiving horn and bi-
conical antenna.
is recorded for both horn and bi-conical antenna for each
rotation step. One complete scan of the azimuth plane took
roughly 6 minutes in which the scenario where completely
static.
III. SYNTHESIZING METHOD
The common model for the CIR in the stationary case is
expressed as Eq. 1 which follows [13]. The simplified model,
in Eq. 1, can be expanded to include the impact of the antennas
orientation as shown in Eq. 2.
h(τ) =
K
∑
k=1
ak δ (τ − τk) e
jϕk (1)
h(τ, φ) =
K
∑
k=1
ak δ (φ− φk) δ (τ − τk) e
jϕk (2)
where K is the total number of resolvable multipath compo-
nents (MPC). ak, τk , φk and ϕk are respectively the amplitude,
arrival time, direction and phase for the kth component.
In practice the measurement system does not have infinite
bandwidth and the used antenna will have a given beamwidth.
Therefore, instead of δ(·), the following will use p(τ) to
describe the pulse shape and A(φ) will describe the antennas
radiation pattern. The resulting expression follows the one
presented in [7].
hdl (τ) =
K
∑
k=1
A (φk − φ
o
l ) Gk p (τ − τk) (3)
where hdl is the directive CIR to a given direction, l. The
complex radiation pattern for the used antenna is expressed
by A (φk − φ
o
l ), where φk is direction of the incoming k’th
component and φol is the orientation of the antenna for the l’th
direction. Gk express the complex gain of the k’th component
as Gk = ak e
jϕk .
Note that in this paper only the azimuth plane is investi-
gated. Therefore, the complex radiation pattern function A is
only dependent on the azimuth angle (φ) and not the elevation
angle (θ).
Using Eq. 3 an approximation of the CIR for an omnidi-
rectional antenna in the azimuth plane can be obtained with a
summation of L responses distributed over a full rotation of the
horn antenna. However, as the measurement system records a
CIR for each direction (l), each CIR will include minor errors
due to the nature of the measurement system. This error will
present itself as small random amplitude and phase variations
(Vl,vl) and additive noise (wl). Due to this, these are added in
the approximation shown in Eq. 4.
ho(τ) =
L
∑
l=1
hdl (τ) Vle
jvl + wl(τ) (4)
where ho(τ) is the approximated omnidirectional CIR.
The purpose of approximating the omnidirectional CIR is to
be able to find the omnidirectional PDP for the measurement
location. The PDP is found as shown in Eq. 5.
P (τ) = |ho(τ)|2 (5)
In Eq. 6, Eq. 5 is expanded and Eq. 3 is substituted into
Eq. 4. The random amplitude variations (Vl) and additive
noise (wl) from the measurement system is assumed to be
insignificant compared to the measured channel response and
therefore ignored here.
P (τ) =
L
∑
l=1
L′
∑
l′=1
K
∑
k=1
K′
∑
k′=1
A (φk − φ
o
l ) Gk p (τ − τk)
A∗ (φk′ − φ
o
l′) G
∗
k′ p
∗ (τ − τk′) e
j(vl−vl′) (6)
=
K
∑
k=1
K′
∑
k′=1
[
L
∑
l=1
A (φk − φ
o
l ) e
jvl
]
Gk p (τ − τk)


L′
∑
l′=1
A∗ (φk′ − φ
o
l′) e
−jv
l′

G∗k′ p
∗ (τ − τk′) (6a)
where the two terms dependent on the measurement of each
direction (l) is contained by the brackets in Eq. 6a.
Following the approach presented in [7], it is assumed that
the phase error (vl) of the measurements within the beamwidth
of the used horn antenna is approximately constant. Further,
it is assumed that the increments of φol is small compared to
the beamwidth of the used horn antenna. The result of these
assumptions is an approximation of the antenna and phase
error term as shown in expression Eq. 7.
L
∑
l=1
A (φk − φ
o
l ) e
jvl ≃ c ejvk (7)
where c is the constant determined by the radiation pattern of
the used horn antenna. The phase error is now included in the
random variable vk . Note the transform from l to k. This is
a result of the seeing the phase error as effectively distorting
the individual MPC.
The approximation in (7) is used to replace the bracket part
of Eq. 6a as shown in Eq. 8.
P (τ) ≃
K
∑
k=1
K′
∑
k′=1
|c|2ej(vk−vk′ )GkG
∗
k′p (τ − τk) p
∗ (τ − τk′ )
(8)
As stated, the approximation requires the measurement of
the angular plane is sufficiently dense. Due to this the effect of
choosing different increments of φol and thereby the number
of directions (L) is studied in the following section.
IV. RESULTS
The measured power-angle-delay profile (PADP) using the
horn antenna are shown in Fig. 3 and Fig. 4 for line-of-sight
(LOS) and non-line-of-sight (NLOS), respectively.
Fig. 3. Measured power-angle-delay profile for the LOS measurement
A. Emulated Omnidirectional PDP
Using the measured data from the horn antennas, the omni-
directional PDP is approximated using (5) and compared to the
measured data from the bi-conical antenna. The approximation
is done using different increments of φol . In specific 1, 5, 10
and 20 degrees which are all within the HPBW of the used
horn antenna of 22◦. To enable comparison of the shape of
the PDPs they are normalize to the maximum power (main
component).
The comparison for the LOS measurement is shown in Fig.
5. Here it can be noted that the approximation using different
Fig. 4. Measured power-angle-delay profile for the NLOS measurement
increments show close to no difference. To highlight the
differences utilizing different angular increments, a zoomed
version in shown in Fig. 6.
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Fig. 5. PDP for the LOS comparison
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Fig. 6. Zoomed PDP for the LOS comparison
In the zoomed version shown in Fig. 6, an approximation
using increments of 30◦ is also included. This trace (cyan)
starts to deviate from the other approximations. This is a result
of the angular spectrum now is starting to be under sampled
compared to the HPBW of the used horn antenna.
Investigating the details of Fig. 5 and Fig. 6 shows that the
main component of the bi-conical PDP and the approximated
PDP is offset by 0.25ns in the delay domain. Using the
geometric relation this can be explained by the small height
difference of the bi-conical antenna and the horn antenna.
The comparison for the NLOS measurement is shown in
Fig. 7 together with a zoomed version in Fig. 8.
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Fig. 7. PDP for the NLOS comparison
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Fig. 8. Zoomed PDP for the NLOS comparison
The two plots show that the approximation for the NLOS
case also is capable of capturing the dominant components
and follow the general slope of the PDP. However, there are
two components at approximately 34ns and 36ns which are
not captured. Instead, the approximation shows a component
at approximately 37ns. The delay offset between the main
component of the bi-conical PDP and the approximated PDP
is again 0.25ns.
B. Large Angular Spread
The lack of significant difference between the approxi-
mations using 1, 5, 10 and 20 degrees angular increments
could be explained by the very directional measurement data.
Due to this a PADP with a larger angular spread have been
constructed. This is constructed by editing the NLOS mea-
surement and copying the response between 225◦ and 325◦ to
25◦ and 125◦ and offsetting it by 10ns. The resulting PADP
is shown in Fig. 9.
Fig. 9. Edited power-angle-delay profile
The PDP have, as in the previous, been approximated
using different angular increments as shown in Fig. 10. It is
not possible to compare the approximations to the bi-conical
antenna as this is based on an edited PADP. It is however
still possible to compare the approximations which show that
they are close to overlapping, as in the previous comparisons.
Only significant deviations are seen from the increments of 30◦
(cyan). This indicates that as long as the angular increments are
below the HPBW of the used horn antenna the approximation
shows good agreement with the measured reference.
30 35 40 45 50 55 60 65
Delay [nS]
-60
-50
-40
-30
-20
-10
0
N
or
m
al
iz
ed
 P
ow
er
 [d
B
]
Zoomed Edited PDP, BW = 4 GHz
Horn Step 1deg
Horn Step 5deg
Horn Step 10deg
Horn Step 20deg
Horn Step 30deg
Fig. 10. Zoomed PDP for the edited PDP comparison
C. Power Estimation
In the previous sections, the power has been normalized
to the maximum power (main component), as the aim was
to compare the shape of the PDP. If the aim is to compare
the absolute power value for the measurement point, this
normalization should be removed. Instead, the power levels
have been scaled with the antenna gains as shown in TABLE
I. The resulting PDP for the bi-conical measurement data is
presented in Fig. 11 together with the approximations using
different angular increments.
Fig. 11 shows that using small angular increments when
sampling the azimuth plane will result in a overestimated
power. This is a result of the same components being captured
more than once by the broader beam of the antenna and
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Fig. 11. Comparison of the unnormalized power levels using the different
approximations
included multiple times as seen from Eq. 7. A solution could
be to scale the summation of power accordingly to the number
of samples within a given beamwidth. This relates to the
assumptions made in [5], [6], [8] where angular increments
corresponding to the HPBW is chosen. The reason for this is
to avoid the ’overlapping’ of the most significant part of the
radiation pattern. When investigating Fig. 11 it is also seen
that by using increments comparable to the HPBW of the used
horn (22◦) the power levels are quite well predicted.
V. CONCLUSION
This paper presents a validation of a method for approximat-
ing the omnidirectional PDP using measurement data from di-
rectional horn antennas in the azimuth domain. Measurements
using an omnidirectional bi-conical antenna and a directional
horn antenna have been conducted at the same time and loca-
tion. The measurement data from the bi-conical antenna have
been used as a reference for comparison of approximations
based on the measurement data from the directional horn. It
is shown in the paper that it is possible to approximate the
omnidirectional PDP. The paper also shows that changing the
angular increments of the horn antenna have a small impact on
the approximation as long as the increments are chosen smaller
or equivalent to the HPBW of the used horn antenna. Finally, it
is shown that choosing angular increments of the horn antenna
equivalent to the HPBW will enable estimation of the power
levels with good agreement to the reference measurement.
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